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Although papillary thyroid carcinoma (PTC) displays strong heri-
tability, no predisposing germ-line mutations have been found. We
show that a common G/C polymorphism (rs2910164) within the
pre-miR-146a sequence reduced the amount of pre- and mature
miR-146a from the C allele 1.9- and 1.8-fold, respectively, compared
with the G allele. This is matched by a similar decrease in the
amount of each pre-miR generated from the corresponding pri-
miR-146a in an in vitro processing reaction. The C allele also
interfered with the binding of a nuclear factor to pre-miR-146a. The
reduction in miR-146a led to less efficient inhibition of target genes
involved in the Toll-like receptor and cytokine signaling pathway
(TRAF6, IRAK1), and PTC1 (also known as CCDC6 or H4), a gene
frequently rearranged with RET proto-oncogene in PTC. In an
association study of 608 PTC patients and 901 controls, we found
marked differences in genotype distribution of rs2910164 (P �
0.000002), the GC heterozygous state being associated with an
increased risk of acquiring PTC (odds ratio � 1.62, P � 0.000007),
and both homozygous states protective with odds ratio � 0.42 for
the CC genotype (P � 0.003) and odds ratio � 0.69 for the GG
genotype (P � 0.0006). Moreover, 4.7% of tumors had undergone
somatic mutations of the SNP sequence. Thus, our data suggest
that a common polymorphism in pre-miR-146a affects the miR
expression, contributes to the genetic predisposition to PTC, and
plays a role in the tumorigenesis through somatic mutation.
Preliminary evidence suggests that these effects are mediated
through target genes whose expression is affected by the SNP
status.

genetic predisposition � microRNA processing � polymorphism � miR-146 �
thyroid cancer

Papillary thyroid carcinoma (PTC) is the most common
thyroid malignancy, accounting for �80% of all thyroid

cancers. The incidence of PTC in the United States has increased
in recent years and has reached �26,500 cases annually (1). The
pathogenesis of PTC involves alterations in the RET/PTC-RAS-
BRAF signaling pathway. Activating mutations in BRAF and
RET/PTC gene rearrangements are frequent somatic changes in
PTC tumors (2–6). A strong inherited genetic predisposition is
suggested by case-control studies showing a 3- to 8-fold increase
in risk in first-degree relatives, one of the highest risks of all
cancers (7, 8). Despite unequivocal evidence of an inherited
predisposition, large families displaying Mendelian inheritance
of PTC are rare, and no predisposing genetic factors have been
convincingly described, even though several putative loci have
been identified by linkage analysis (9, 10).

MicroRNAs (miRs) are small noncoding RNA molecules that
function as negative regulators of the expression of other genes;
miRs inactivate specific mRNAs and interfere with the transla-
tion of target proteins (11). MicroRNAs are transcribed from
endogenous DNA and form hairpin structures (called pre-

microRNAs) that are processed to form mature microRNA
duplexes that are �22 nucleotides long. A protein complex
(called RNA-induced silencing complex; RISC) facilitates the
coupling of one strand of the microRNA duplex with matching
mRNA sequences in the 3� untranslated regions of target genes;
the other strand of the duplex is degraded. The binding of the
microRNA to mRNA leads to inhibition of the translation of the
latter, thus disrupting the expression of the protein. MicroRNAs
regulate such major processes as development, apoptosis, cell
proliferation, and hematopoiesis; they may act as tumor sup-
pressor genes and oncomirs (12–14). The expression of miRNAs
varies between cancer and normal cells and varies among
different types of cancer (15, 16).

We reasoned that the previous failure to identify genes
predisposing or contributing to PTC might be because these
genes show low penetrance. The mechanisms may require the
interaction of two or more genes; thus, regulatory, rather than
protein-encoding, genes might be involved. MicroRNAs fulfill
these criteria.

We and others have described several microRNAs showing
transcriptional up-regulation in PTC tumors, the most striking
being a 19-fold increase in the quantity of miR-146 (17, 18).
Human miR-146 occurs in two distinct forms: miR-146a encoded
on chromosome 5q33 and miR-146b encoded on chromosome
10q24. Because the mature 22-mers differ by only 2 nt, many of
the predicted target genes are common to both miRs, whereas,
in addition, each is predicted to have specific targets unique to
that miR. The two related miR-146 are differentially regulated,
with miR-146a (but not miR-146b) strongly induced by lipopoly-
saccharide. It is proposed that miR-146 has a role in Toll-like
receptor and cytokine signaling and thus in the immune re-
sponse, and there is evidence that miR-146a is regulated by
NF-kappa B (19).

In an effort to elucidate the putative role of miR-146 in PTC
we sequenced the pri-miR-146a and pri-miR-146b in the genomic
DNA of those 15 patients whose samples had been analyzed for
global miR expression (17). No previously undescribed sequence
changes were detected. However, in the pre-miR-146a we noted
a common G/C polymorphism designated rs2910164. It resides
at position �60 relative to the first nucleotide of pre-miR-146a,
placing it in the passenger strand (Fig. 1A). The rarer C allele
causes mispairing within the hairpin and a lowering of the
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predicted �G from �43.1 kcal/mol to �40.3 kcal/mol (20).
Sequence-mediated differences in processing have been re-
ported for a viral miR (21) as well as for a human miR (22) and
would have a quantitative impact on the total amount of
miR-146a. The SNP might reduce the stability of the pri-miR,
the efficiency of processing of pri-miR into pre-miR, or the
efficiency of processing the pre-miR into the mature miR.

Results and Discussion
Expression of miR-146a in Transfected Cells. To investigate the
functional impact of the SNP on the expression of miR-146a, we
engineered an expression plasmid with 1,054 bp of pri-miR-146a
with either G or C under the control of the CMV promoter.
Plasmids were transfected (together with a plasmid expressing
lacZ shRNA as a control of transfection efficiency) into a cell
line (U2OS) that does not express the miR endogenously. Total
RNA was extracted and assayed by Northern blot analysis with
a probe for mature miR-146a (which is unaffected by the
passenger strand polymorphism), for the LacZ shRNA, and for
tRNA-Glu. The results were quantified by PhosphorImager
analysis by using ImageQuant TL software (GE Healthcare), and
normalized to both lacZ (transfection efficiency) and tRNA
(loading amount). We noticed a relatively small variation in the
transfection efficiency (coefficient of variation cv � 12.2%) and

an even smaller variation of loading amount (cv � 6.8%).
Pre-miR-146a and the mature miR were expressed from both
alleles; however, the amount of each differed between the alleles.
The expression of pre-miR-146a from the C allele was 1.9-fold
lower than from the G allele, and the amount of mature
miR-146a was 1.8-fold lower from the C allele compared to the
G allele [Fig. 1B and supporting information (SI) Table S1].
Reduced expression of pre- and mature miR-146a was reversed
by mutating the C back to G (Fig. 1B), thus indicating that this
single nucleotide difference significantly alters the amount of
miR-146a produced from the C allele. Importantly, the ratio of
precursor-to-mature form was unchanged (2.2 and 2.1 for the G
and C alleles, respectively), which makes it unlikely that this
results from a block in Dicer processing. We conclude that the
G�C substitution in pre-miR-146a results in reduced amounts of
mature miR-146a.

Processing of pri-miR-146a. To determine whether the differences
in Fig. 1 resulted from allele-specific differences in nuclear
processing we examined the production of pre-miR-146a from
the pri-miR in HeLa nuclear extract (23) (Fig. 2A). Phospho-
rImager analysis of products separated on a 12% denaturing
polyacrylamide/urea gel showed that twice as much pre-miR-
146a was generated from the G allele compared with the C allele,
and a 1:1 mixture generated the anticipated mean of these two
values. These results suggest that the 2-fold difference in miR-
146a in Fig. 1 results from differences in nuclear processing.
RNA electrophoretic mobility shift assay (EMSA) of nuclear
protein binding to pre-miR-146a provided further evidence for
differences between the two alleles (Fig. 2B). A retarded
complex was formed when each of the pre-miRs was incubated
on ice with HeLa nuclear extract (lanes 2 and 7); however, the
complex assembled on pre-miR-146a-G was shifted further when
an equal amount of the unlabeled pre-miR was added (compare
lanes 3 and 8). This suggests that the amount of radiolabeled
pre-miR-146a-G was below saturation, and increasing the
amount of this RNA facilitated the formation of a specific
complex. This binding was competed by a 5-fold excess of the
homologous RNA, but not by a 5-fold excess of pre-miR-146a-C.
These results indicate that the G/C polymorphism affects both
the efficiency of pri-miR processing and protein binding to the
pre-miR product of this reaction. The composition of the
retarded complex was not examined further, but this may also
affect the stability and/or efficiency of pre-miR-146a export to
the cytoplasm.

Genetic Case-Control Association Study. To investigate whether the
SNP in the pre-miR sequence was associated with the occurrence
of PTC we studied genomic DNA from unselected, consecutive
sporadic PTC patients (n � 608) and appropriate unaffected
controls (n � 901). The samples emanated from Finland (206
cases, 274 controls), Poland (201 cases, 475 controls), and Ohio
(201 cases, 152 controls); all participants were of Caucasian
origin. We determined differences in distribution of genotypes
between cancer patients and controls (combined P � 0.000002)
with G/C heterozygosity being associated with an increased risk
of acquiring PTC [odds ratio (OR) � 1.62, 95% C.I. 1.3–2.0, P �
0.000007; Table 1] in comparison with homozygosity. Both
homozygous states were protective: OR � 0.42 for CC vs.
GG�GC (95% CI 0.24–0.73, P � 0.0027), and OR � 0.69 for
GG vs. CC�GC (95% CI 0.57–0.85, P � 0.0006), and OR � 0.5
for CC vs. GG (95% CI 0.28–0.89, P � 0.024). There was no
difference in allelic frequency (P � 0.15). We also studied blood
DNA from 191 patients with Graves’ disease, a benign thyroid
disorder, and found no association (P � 0.22), which suggests
that the SNP is not unspecifically associated with any thyroid
disease. We conclude that the germ-line genotype at the SNP
affects the predisposition to PTC.

G06+a641Rim-erp

C06+a641Rim-erp

A

B

0.0

2.0

4.0

6.0

8.0

0.1

2.1

4.1

1CTP1KARI6FART

R
el

at
iv

e 
L

u
ci

fe
ra

se
 A

ct
iv

it
y C a641-RimG a641-Rimlortnoc

3ANDcp G>CG+CC -rtc+rtc+rtcG

ANRt

Zcal

Rim-erp

a641-Rim

01
lomf

05
lomf

05
lomf

C

Fig. 1. Structure, expression, and inhibition of targets of miR-146a. (A) The
predicted structure of pre-miR-146a. The location of the G/C SNP is shown by
an arrow. The mature miR is shown by full red dots. (B) Northern blot. An oligo
DNA complementary to mature miR-146a served as a probe. We loaded 20 �g
of RNA from cells transfected with (i) empty vector, (ii) pcDNA3-miR-146a-C,
(iii) pcDNA3-miR-146a-G, and (iv) 50% of each pcDNA3-miR-146a-G and
pcDNA3-miR-146a-C (C�G). The lane labeled C�G describes an experiment
where the expression of mature miR from the pcDNA3-miR-146a-C plasmid
was reestablished by introducing the reverse mutation. The control lanes
comprise 10 or 50 fmol of RNA oligo of the mature miR-146a (positive control
for labeling by the Northern probe), and 50 fmol of RNA oligo complementary
to the mature miR-146a (negative control). (C) Dual luciferase assay. The
relative luciferase activity of reporter constructs with 3� UTRs of TRAF6, IRAK1,
and PTC1 containing legitimate (studied samples) or mutated (controls) target
sites in the presence of miR-146a-C or miR-146a-G.
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Somatic Mutations in PTC Tumors. We then determined the geno-
types of PTC tumors. Tumor/normal tissue pairs were available
from Finland (n � 132) and the United States (n � 169), but not
from Poland. A most interesting observation was made in that
the SNP underwent somatic mutations in tumor tissue. Of the
132 tumor/normal pairs from Finland, six cases had mutated
from GG in the germ-line to GC in the tumor; two cases had
mutated from CC to GC. In the U.S. series 5 GG genotypes had
become GC and 1 CC had become GC (Fig. 3). Each tumor
sample was cloned and individual PCR products genotyped. The
frequency of clones exhibiting the mutation was 3–42% (Table
S2). To exclude sample mismatching and confirm that both
samples within a given tumor/normal pair derived from the same
patient, we evaluated all discordant tumor/normal pairs with
seven microsatellite markers similar to those used for identity
testing by forensic laboratories (Table S3). To exclude mislabel-
ing of tumor and normal samples within each pair, we checked
tumor samples for the BRAFV600E mutation, which is a frequent
somatic change in PTC tumors (5, 6). Ten of 14 tumor samples
were positive and all normal samples were negative (Table S3).
Thus, we found mutation from GG or CC in the germ-line
toward GC heterozygosity in the tumor in 6.1% and 3.6% of
tumor/normal tissue pairs from Finland and the United States,
respectively. We conclude that the genotype at the SNP sustains
somatic mutations in the tumors, a hallmark of cancer predis-
position.

Expression of miR-146 in PTC Tumors. In our previous studies using
a semiquantitative standard reverse transcription (RT)-PCR
method we failed to show any expression of miR-146a in thyroid
tumor samples (17). In this study, we repeated the evaluation of
expression of both miR-146a and miR-146b by using the more
sensitive Taqman ‘‘stem-loop’’ real-time RT-PCR in 9 PTC
normal/tumor sample pairs, and found that both isoforms are
expressed in normal thyroid and both are overexpressed in at
least 7 of 9 PTC tumors. MiR-146a is 1.4- to 2.7-fold and
miR-146b is 1.6- to 102-fold overexpressed in tumor samples
compared with the unaffected part of the same gland (Table S4).
In most cases of normal tissue, the expression of miR-146a is
similar to or slightly higher than the expression of miR-146b;
however, in six of nine tumor samples, the expression of miR-
146a is at the level of 1–11% of the expression of miR-146b.
Because of lack of DNA, we cannot correlate the expression of
miR-146a and the SNP in the above nine samples. Instead, we
evaluated the expression of mir-146a in a set of 33 lymphoblas-
toid cell lines derived from healthy individuals of known SNP
status (Table S5). The mean expression of miR-146a in CC cases
(n � 3) was 3.9-fold lower than the expression in 15 GG cases
(Welch two-sample t test; t � 3.1085, df � 14.88, P � 0.0073),
which confirmed the results of our transient transfection assay.
Nevertheless, highly interestingly, the mean expression of miR-
146a in GC (n � 15) cases was 1.4-fold higher than the expression
in 15 GG cases. This result is not statistically significant (t �
�0.89, df � 22.26, P � 0.39); however, it is similar to the results

Fig. 2. Processing of pri-miR-146a. (A) In vitro processing assay. 1 � 105 dpm of gel-purified pri-miR-146a-C (lane 4) or G (lane 5) or a mixture of 0.5 � 105 cpm
of each (lane 6) was incubated with HeLa nuclear extract for 90 min. After treating with proteinase K to digest nuclear proteins, radiolabeled RNAs were separated
on a denaturing 12% polyacrylamide/urea gel and visualized by PhosphorImager. Lanes 1 and 2 contain 1 � 104 dpm of each input transcript and lane 3 contains
a size ladder of radiolabeled HinfI cut 	X174 DNA. The bands corresponding to pre-miR-146a are shown enlarged to the right of the autoradiogram, and the
relative amount of radioactivity in each band normalized to the product of the G allele is shown beneath. (B) Electrophoretic mobility shift assay. Uniformly
labeled transcripts of pre-miR-146a-G (lanes 1–5) or pre-miR-146a-C (lanes 6–10) were incubated for 30 min on ice without (lanes 1 and 6) or with 10 �g of HeLa
nuclear extract (filled circles). The mixtures in lanes 3–5 and 8–10 were incubated for an additional 30 min with an equal amount or a 5-fold excess of each
unlabeled pre-miR (indicated above the autoradiogram) before electrophoresis on a native 6% polyacrylamide gel. Retarded complexes were visualized by
PhosphorImager analysis of the dried gel.

Table 1. Genotype frequencies of pre-miR-146a�60G>C in three cohorts of PTC cases and controls

Finland Poland USA All

PTC
n � 206

Controls
n � 274

PTC
n � 201

Controls
n � 475

PTC
n � 201

Controls
n � 152

PTC
n � 608

Controls
n � 901

GG 99 (48.1%) 150 (55%) 115 (57.2%) 286 (60%) 91 (45.3%) 90 (59%) 305 (50.2%) 526 (58.4%)
GC 104 (50.5%) 105 (38%) 82 (40.8%) 163 (34%) 101 (50.2%) 52 (34%) 287 (47.2%) 320 (35.5%)
CC 3 (1.5%) 19 (7%) 4 (2%) 26 (5%) 9 (4.5%) 10 (7%) 16 (2.6%) 55 (6.1%)

P � 0.0017 P � 0.057 P � 0.01 P � 0.000002

There was no difference in genotype frequencies between controls derived from Finland, Poland, and the United States (P � 0.65). Odds ratios were calculated
for GC vs. GG � CC (OR � 1.62, 95% CI 1.3–2.0, P � 0.000007), CC vs. GG � GC (OR � 0.42, 95% CI 0.24–0.73, P � 0.003), GG vs. CC � GC (OR � 0.69, 95% CI 0.57–0.85,
P � 0.0006), and CC vs. GG (OR � 0.5, 95% CI 0.28–0.89, P � 0.024). There was no difference in allelic distribution (P � 0.15).
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in samples derived from the unaffected part of the thyroid from
11 additional PTC patients (CC is extremely rare among PTC
patients and we had no such cases). In these 11 cases the mean
expression of miR-146a in GC (n � 6) cases was 2.59-fold higher
than the expression in 5 GG cases (t � �1.03, df � 5.04, P � 0.35;
Table S6). Although the association data have high significance
to show that GC heterozygosity predisposes to PTC, these
experimental data will need further confirmation in larger series
of cases and perhaps under varied conditions. Nevertheless, the
results showing these subtle differences already lend support to
the clinical association data. Thus, we are beginning to under-
stand the unusual situation of an overdominant model in which
heterozygosity constitutes the deleterious event rather than
homozygosity for either allele.

Impact of SNP on miR-146a Target Genes. To initiate a study of the
functional consequences of impaired processing of miR-146a on
its target genes, we chose two proven target genes—IL-1 recep-
tor-associated kinase 1 (IRAK1) and TNF receptor-associated
factor 6 (TRAF6), key adapter molecules downstream of Toll-
like and cytokine receptors—and one putative target gene—the
papillary thyroid carcinoma 1 gene (PTC1 also known as CCDC6
or H4) that is frequently rearranged by translocation with the
RET proto-oncogene in PTC (Fig. S1). We generated reporter
constructs that contained the firefly luciferase gene fused to
�150 bp of the 3� UTRs from IRAK1, TRAF6, and PTC1
mRNAs containing miR-146a putative target sites (IRAK1-luc,
TRAF6-luc, and PTC1-luc, respectively). Plasmids with inserts
carrying mutations of 4 nt in the miR-146a target sequences
served as controls (Fig. S2). These reporter constructs were
transiently transfected into U2OS cells together with an expres-
sion plasmid for either miR-146a-G or miR-146a-C under the
control of the CMV promoter. We ran all samples in triplicate
and replicated the experiment twice. We observed a marked
reduction in luciferase levels in cells coexpressing miR-146a
together with IRAK1-luc, TRAF6-luc, and PTC1-luc; moreover,
the reduction was much stronger in the presence of miR-146a-G
than miR-146a-C (Fig. 1D). This suggests a direct functional
effect of the SNP.

Conclusions. Our data show that a common polymorphism in
pre-miR-146a affects the amount of mature miR, contributes to
the genetic predisposition to PTC, and plays a role in the
tumorigenesis through somatic mutation. Preliminary evidence
suggests that these effects are mediated through target genes
whose expression is affected by the SNP status. Because miR-
146a is known to be a NF-kappa B-dependent gene (24, 25) and
does inhibit TRAF6 and IRAK1, key adapter molecules down-
stream of the Toll-like and cytokine receptors, we hypothesize a
role for the SNP in affecting the negative feedback regulation
loop in the Toll-like receptor and cytokine signaling pathway.
The NF-kappa B pathway is critical for tumor formation because
it promotes not only cell survival by the expression of antiapo-
ptotic proteins, but also the transcription of many immune-
related genes and proinflammatory cytokines that can influence
tumor progression through the mobilization of host cells (26).
The role of Toll-like receptors and NF-kappa B in thyroid
tumorigenesis is well established (27–29) and it was recently
reported that BRAFV600E, the common somatic mutation in PTC
tumors, promotes invasiveness of thyroid cancer cells through
NF-kappa B (30). We believe that our findings create an
opportunity to approach the diagnosis and treatment of PTC.

Materials and Methods
Patient and Control Samples. After approval of the Institutional Review Board
and patient consent, fresh samples from PTC tumor tissue and normal thyroid
tissue adjacent to PTC tumors were obtained from patients with sporadic PTC
undergoing surgical resection; the samples were snap-frozen in liquid nitro-
gen and stored at �80°C (Finland and United States). Alternatively, formalin-
fixed, paraffin-embedded material was used. Other samples included blood
DNA samples of Polish PTC patients; blood DNA samples of random Finnish,
Polish, and American control individuals; and blood DNA samples of Polish
Graves disease patients.

Nucleic Acid Extraction. DNA was extracted by standard methods. Total RNA
was extracted from cell lines with TRIzol solution (Invitrogen), and the integ-
rity of RNA was assessed by using an Agilent BioAnalyzer 2100 (Agilent).

Sequencing. DNA specimens were amplified by using standard PCR protocols.
The PCR products were purified with ExoSAP-IT purification kit (USB Corp.)
and sequenced in both directions with the ABI sequencing system
(PerkinElmer Applied Biosystems). The sequencing results were analyzed by
using DNAStar SEQMAN software. The PCR primers used for miR-146a se-
quencing were: 5�-ATT TTA CAG GGC TGG GAC AG -3� and 5�-TCT TCC AAG CTC
TTC AGC AG-3�. In addition to sequencing, the SNP was genotyped by using
the Single Nucleotide Primer Extension Assay (ABI PRISM SNaPshot Multiplex
Kit, Applied Biosystems) in about half of the samples. All results were concor-
dant. The PCR primers used for the BRAFV600E sequencing were: 5�-TGC TTG
CTC TGA TAG GAA AAT G-3� and 5�-CCA CAA AAT GGA TCC AGA CA-3�.

Statistical Analysis. Statistical analysis was conducted by using R software
(http://cran.r-project.org) with additional packages ‘‘survival’’ and ‘‘genetics.’’
The �2 test was applied to check the homogeneity in genotype frequency
distributions between the patient group and controls. If any of the expected
counts was 
5, the Fisher’s exact test was applied. A P value of 
0.05 was
considered statistically significant. Genotype frequencies in all groups were
checked for the Hardy–Weinberg equilibrium by using the �2 test. Odds ratios
were calculated by Woolf’s method. A t test was used to compare differences
in mean expression levels between groups of samples in real-time RT-PCR
experiment.

MiR-146a Expression Vectors and U2OS Cell Transfection. To create pre-miR-
146a�60G and pre-miR-146a�60C expression vectors genomic fragments
(1,054 bp) corresponding to pre-miR and its flanking regions were amplified
from human genomic DNA (previously determined to have the GG or CC
genotype) and cloned into the vector pcDNA3 (Invitrogen). The sequences of
both vectors were confirmed by direct sequencing; the only difference was in
the SNP. U2OS cells were plated at 2.2 � 106 cells per 100-mm dish and
transfected 24 h later by using FuGENE6 reagent (Roche). Each transfection
reaction contained 500 ng of pcDNA3-146a-G or 500 ng of pcDNA3-146a-C or
250 ng of both plus 500 ng of pENTR/H1/TO expressing lacZ shRNA (Invitro-
gen). The sequence of the lacZ shRNA transcript was as follows: 5�-
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Fig. 3. Somatic mutations in tumor/normal tissue pairs. (A) An example of
chromatographs showing a GG to GC mutation (arrow). (B) Summary of the
numbers of cases showing different somatic mutations; arrows indicate di-
rection from germ-line to tumor tissue.
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AAATCGCTGATTTGTGTAGTCGGAGACGACTACACAAATCAGCGAUUU-3�. As
controls we performed mock transfection (no plasmids), transfection with
empty plasmid (pcDNA only), and used untransfected cells. Total RNA was
extracted 24 h after transfection and used for Northern blot analysis and
real-time RT-PCR.

Northern Blot Analysis of miR-146a. Twenty micrograms of total RNA was
loaded onto a precast 15% denaturing TBE-urea polyacrylamide gel (Bio-Rad).
The RNA was then electrophoretically transferred to Bright-Star blotting
membranes (Ambion). The oligonucleotides used as probes were the comple-
mentary sequence of the mature miR-146a (5�-AAC CCA TGG AAT TCA GTT CTC
A-3�), miR-146b (5�-AGC CTA TGG AAT TCA GTT CTC A-3�), and tRNA (5�-GCG
GCG GTG AGA GCG CCG AAT C-3�) with Starfire modification (Integrated DNA
Technologies). Probes were end-labeled with [�-32P]dATP by using the StarFire
Oligonucleotide Labeling System (Integrated DNA Technologies). Prehybrid-
ization and hybridization were carried out in Ultrahyb Oligo solution (Am-
bion) containing at least 106 cpm/ml of probe overnight at 37°C. After washing
(three times for � 5 min with 2� SSC/0.1% SDS at 42°C) the membrane was
exposed to phosphor screen and an image was produced by using STORM-
SCANNER and ImageQuant TL software (GE Healthcare). For a loading control,
the blots were stripped by boiling and reprobed by using the 22-nt sequence
complementary to tRNA-Glu (5�-GCG GCG GTG AGA GCG CCG AAT C-3�). For
a transfection control, the blots were reprobed by using the 19-nt sequence
complementary to lacZ shRNA (5�-TCG CTG ATT TGT GTA GTC G-3�).

Real-Time RT-PCR Detection of miR-146a. To evaluate the miR-146a and mir-
146b expression levels, ‘‘stem-loop’’ real-time RT-PCR was used. RNA (100 ng)
was used for RT reactions that were performed by using High Capacity cDNA
Reverse Trancription Kit (Applied Biosystems) according to the manufacturer’s
protocol. Real-time PCR was performed on the ABI Prism 7900HT Sequence
Detection System. U6 RNA was used as an endogenous control. All primers
were part of Taqman MicroRNA Assays for miR-146a, miR-146b, or RNU6B
(Applied Biosystems). The cycle number at which the product level exceeded
an arbitrarily chosen threshold (CT) was determined for each target sequence,
and the amount of each miR relative to U6 RNA was described by using the
formula 2��CT, where �CT � CT(miR) � CT(U6 RNA).

Hybridization Prediction. The minimum free-energy hybridization of miRNAs
and target mRNA were predicted by RNAHYBRID software freely available at
http://bibiserv.techfak.uni-bielefeld.de/rnahybrid.

3� UTR Luciferase Reporter Assays. To generate 3� UTR luciferase reporter
constructs �150 bp of the 3� UTRs from IRAK1, TRAF6, and PTC1 mRNAs were
cloned downstream of the firefly luciferase gene in pGL3-Control Vector
(Promega). Mutated control vectors carrying 4-bp substitutions in the miR-146
target sites were obtained by PCR and degenerated primers. For luciferase
reporter assays, U2OS cells were plated at 0.2 � 106 cells per well in 12-well
dishes and 24 h later cotransfected with FuGENE6 reagent (Roche). Each
cotransfection reaction contained 200 ng of pcDNA3-146a-G or 200 ng of
pcDNA3-146a-C plus 200 ng of pGL3-3�UTR construct plus 20 ng of pRL-TK
plasmid that served as transfection control. After 24 h, cells were washed and
lysed with Passive Lysis Buffer (Promega), and their firefly luciferase activity
was measured by using the Veritas Microplate Luminometer (Turner Biosys-
tems) and normalized to renilla luciferase activity. We ran all samples in
triplicate and replicated the experiment twice.

Cloning of Reverse Mutation in pre-miR-146a-C. HPLC-purified and 5�-
phosphorylated primers 5�P-ACA ACC CAT GGA ATT CAG TTC TCA AAG C-3�
and 5�P-GTC AGT GTC AGA CCT GTG AAA TTC AGT TC-3� were used to
introduce a C-to-G mutation in pri-miR-146a-C by PCR. PCR products were
ligated and cloned by using the Phusion site-directed mutagenesis kit
(Finnzymes). Constructs were verified by sequencing.

Cloning of Plasmids for in Vitro Transcription Templates. Primers 5�-GCC GAT
GTG TTA TCC TCA GCT TTG-3� and 5�-ACG ATG ACA GAG ATA TCC CAG-3� were
used to amplify pre-miR-146a-C or pre-miR-146a-G from plasmids pcDNA3-
miR-146a-C or pcDNA3-miR-146a-G, respectively, by PCR. PCR products were
ligated into pCRII-TOPO to create plasmids pCRII-pre-miR-146a-C and pCRII-
pre-miR-146a-G and constructs were confirmed by DNA sequencing.

In Vitro Transcription. Internally labeled in vitro transcripts were produced by
using the MAXIscript in vitro transcription kit (Ambion) and [�-32P]dATP. For
the UV cross-linking experiment in Fig. 2A, plasmids pCRII-pre-miR-146a-C and
pCRII-pre-miR-146a-G were linearized by BamHI digestion, and in vitro tran-
scripts were generated with T7 RNA polymerase. For the in vitro processing
experiment in Fig. 2B the ApaI-linearized pri-miR expression plasmids
pcDNA3-146a-G�PL or pcDNA3-146a-C�PL were transcribed by using T7 RNA
polymerase. In vitro transcripts were purified by electrophoresis on a denaturing
6% or 4% polyacrylamide/urea gels, respectively, and bands visualized by auto-
radiographywerecutoutandelutedfromthegels.TheelutedRNAwasextracted
with phenol/chloroform/isoamyl alcohol and recovered by ethanol precipitation.
The quality and specific activity of each transcript was then determined.

Electrophoretic Mobility Shift Assay. One hundred femtomoles of uniformly
labeled in vitro transcripts of pre-miR-146a-C or pre-miR-146a-G was mixed
with 10 �g of HeLa nuclear extract in buffer containing 2 mM Tris�HCl, pH
7.6, 0.2 mM Mg(OAc)2, 0.2 mM DTT, 14 mM KCl, 2% glycerol, 0.2 mM EDTA,
3 �M EGTA, and 550 ng/�l heparin. The reaction mixtures were incubated
on ice for 30 min, followed by addition of the indicated fold excess of
unlabeled pre-miR146a-C/G in vitro transcript and further incubation on
ice for 30 min. Samples were electrophoresed at 200 V and 4°C for 3.5 h on
a 6% native polyacrylamide gel (acrylamide/bisacrylamide 40:1) in 1�
Tris-acetate-EDTA (TAE). The gel was dried to Whatman paper and
visualized by phosphorimager.

In Vitro Processing of pri-miR-146a. In vitro processing reactions were per-
formed as described in ref. 23. Each reaction contained 5 �l of HeLa nuclear
extract, 1 �l of RNA (1 � 105 dpm), 1 �l of buffer A (32 mM MgCl2, 5 mM ATP,
200 mM creatine phosphate), and water to 10 �l. These mixtures were incu-
bated for 90 min at 37°C; the reaction was terminated by placing the tubes on
ice and adding 2 �l of 20 mg/ml proteinase K. This mixture was incubated for
20 min at 63°C followed by addition of an equal volume of formamide dye
loading buffer. The mixture was heated for 5 min at 100°C, separated on a
denaturing 15% polyacrylamide/urea gel and visualized by phosphorimager.
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